Summary: Ensemble forecasts are run operationally since February 1998 at the Canadian Meteorological Centre, with outputs up to ten days. The ensemble size was increased from eight to sixteen members in August 1999. The method of producing the perturbed analyses consists of running independent assimilation cycles that use perturbed sets of observations and are driven by eight different models, mainly different in their physical parameterizations. Perturbed analyses are doubled by taking opposite pairs. A multi-model approach is then used to obtain the forecasts. The ensemble output has been used to generate several products. In view of increasing computing facilities, the ensemble prediction system horizontal resolution was increased to TL149 in June 2001. Heights at 500 hPa and mean sea-level pressure maps are regularly used. Charts of precipitation with the probability of precipitation being above various thresholds are also produced at each run. The probabilistic forecast of the 24-hour accumulated precipitation has shown skill as demonstrated by the relative operating characteristic (ROC). Verifications of the ensemble forecasts will be presented.
INTRODUCTION
The ensemble prediction system is running operationally at the Canadian Meteorological Centre (CMC) since February 1998, using 8 members of the SEF (Spectral Finite Element) model at resoluiton TL95 (Ritchie 1991) . Adding the experimental runs, accomplished in development, the CMC ensemble prediction system has been running since January 1996. In August 1999, the ensemble size was doubled to 16 members. A different model, the Global Environment Multi-scale (GEM), was then used for the additional 8 members (see Côté et al 1998) . Section 2 will describe the method used for this multi-model approach. With the increasing computational facilities at CMC in 2001, it was decided to increase the horizontal resolution of the set. Section 3 will describe the results obtained when the horizontal resolution of the SEF ensemble members increased from TL95 to TL149, and the resolution of the GEM ensemble members increased from 1.875 to 1.2 degrees. No fundamental changes to the methodology have been implemented since 1996, but as a result of these modifications, the scores have improved significantly. Section 3 will also describe the method used for verifications and the pertinence of the improvement as compared to previous year validations. Section 4 will cover a short discussion and outline the future work planned.
DESCRIPTION OF THE CMC ENSEMBLE METHOD
The ensemble method used at CMC is described in Houtekamer et al (1996) and Lefaivre et al (1997) . The basis of the method is to produce perturbed analyses through data assimilation procedures. In order to do so, 8 parallel analysis cycles are run quasiindependently of the deterministic operational analysis (TL199). In addition, the mean of the 8 analyses is calculated and then subtracted to that of the deterministic analysis. A fraction of this difference is then added to the original 8 perturbed analyses so that a total of 16 initial fields is obtained for the medium range forecasts (see Table 1 ). The characteristics of the perturbed cycles are summarised in Figure 1 . Pellerin, Gerard, Lefaivre, L. Houtekamer, P., and Girard, C., 200 First, each observation used to feed the analyses is perturbed. For observations with multiple levels, such as radiosondes, the vertical correlations are taken into account by performing an eigenvector analysis of the vertical covariance matrix. Random numbers, drawn from a Gaussian distribution with zero mean and unit variance, are then multiplied by eigenvectors times the root of the eigenvalues (e.g. Houtekamer 1993) . For single-level observation, the perturbations are simply independent random numbers with zero mean and the variance appropriate for that observation. The random values are different for each independent piece of information and are different from one perturbed cycle to the other. The analysis scheme used is the Optimal Interpolation (O/I) technique (Rutherford 1972) , which has the advantage of being efficient computerwise (the weights for the innovations are calculated once for the control, using a cholesky decomposition, and used for the 8 ensemble members as well). Second, each of the models used in the assimilation cycles, although based on the same spectral model (Ritchie 1991 ) with a horizontal resolution of TL149 and a horizontal diffusion in∇ 4 , have different switches activated. These different configurations, used to produce the trial fields of each cycle, are described in the top half of Table 1 . In addition, some physical parameters are set with random values (horizontal diffusion, minimal roughness length over SST, time filter). Perturbations are also introduced in the surface forcing through modifications (gaussian perturbations) of the sea surface temperature, the albedo and the roughness length fields. The GEM models are only used for the forecasts.
Once a day, at 00 UTC, 10-day forecasts are produced using:
• 8 perturbed analyses, half of them obtained by adding a fraction of the difference between the ensemble mean and the operational analysis (see 2 nd column of Table 1 ), using the same model options as the ones used to produce the trial fields as detailed in top half of 
VERIFICATION RESULTS
By December 2000, a parallel run was set-up with the higher resolution ensemble. It was evaluated over the winter season (December to February) and gave acceptable results. It was then decided to pursue testing for a few months to assess the gain in the precipitation scores. The next sections will describe verification scores for the rms errors and Talagrand diagrams for the 500hPa height field and for precipitation forecasts. The ROC curves provide a good representation of the quality of probabilistic precipitation forecasts (Mason 1982) . A comparison of ROC curves calculated for both low and higher resolutions will give a good indication of the improvement of precipitation forecasts. This will be shown in the next sections.
RMS errors for the 500 hPa height field
The December 2000 verification for the two ensemble sets is seen in Figure 2 , where a series of Root Mean Square (RMS) errors of height at 500 hPa for Northern Hemisphere are shown. The solid line indicates the RMS error for the operational model (GEM 0.9°L 28), while the thin blue and red lines, represent the ensemble mean RMS errors for the high and low resolution runs, respectively. The dotted lines represent the spread of the ensembles (blue for high resolution). One would like to see the RMS errors for the ensemble mean smaller for the high resolution model and the spread of the ensemble close to the ensemble mean error. Although after 7 days, the scores of the high resolution ensemble are not as good as that of the low resolution one, the spread remains better for all forecast times. This was also the case for the month of July 2001 (not shown), the higher resolution ensemble had increased spread and reduced mean RMS errors throughout the 10 day period.
Talagrand diagrams for the 500 hPa height field
To verify if the spread of an ensemble encompasses the verifying analysis, Talagrand et al (1997) proposed a statistical method for displaying bias and dispersion within the ensemble. The so-called Talagrand diagrams are obtained by checking where the verifying analysis usually falls with respect to the ensemble forecast data (arranged in increasing order at each grid point). The first (last) bin is selected if the analysed value is lower (higher) than any of the values in the ensemble.
Since all perturbations are intended to represent equally likely scenarios, this distribution should be flat. Several common problems can be diagnosed from the diagrams:
• a U-shape diagram is obtained if the spread in the ensemble is typically too small; • if the spread in the ensemble is too big one obtains an n-shape (highest in the middle);
• if the diagram is asymmetric the model has a bias to one side. An L-shape would correspond to a warm bias for the model. Operationally, these diagrams are produced every month. For our comparison we show the low (TL95) and high resolution (TL149) diagrams for the 500 hPa (global coverage) in Figure 3 and Figure 4 with no marked systematic biases, except a slight warm bias which does not seem to have changed with the increase in resolution. It is true that there is too much spread at day 1, especially for the high resolution ensemble. We think that this may be due to the perturbations of the observations which were set to high (factor 1.8) during the analysis cycles.
Relative Operating Characteristic Curves for precipitation
The relative operating characteristic (ROC) curves have been proposed by Mason (1982) as a verification measure for ensemble forecasts. The method is based on ratios that measure the proportions of events and non-events for which warning can be provided. The ratios provide estimates of the probabilities that an event will be for-warned (hit-rate) and that an incorrect warning will be provided for a non-event (false-alarm). In a ROC curve, the hit rate is shown as a function of the false alarm rate. The surface under the curve gives a good indication of the performance of the system. It is worth noting that a ROC area of 0.5 is the no-skill level, with the arbitrary value of 0.7 being accepted as the lower limit of usefulness (see Mason 1982) . The detection of precipitation events (Hit rate) and nonevents are obtained from a dataset of nearly 160 stations distributed across Canada. These statistics are tabulated every 3 months and have been carried since early 1997. Figure 5 shows the ROC curves for the low (a) and high (b) resolution ensemble sets. These results are for the 5 mm threshold at 4 lead times (day 1, day 4, day 7 and day 10). They were calculated for the 3 month period starting in Dec 2000 and ending Feb of 2001. The area under the curves (see Table 2) shows that both sets demonstrate skill up to 10 days and that the high resolution is better at all lead times. Increasing the resolution to improve on the precipitation forecasts was also demonstrated with the ECMWF ensemble system (Buizza et al. 1998) . Interestingly this relative gain is about the same as that obtained when the ensemble predictions system was increased in size from 8 to 16 members, which is shown under LOW(8) for 8 members. Generally speaking, Table 2 shows that an increase in ensemble resolution has a positive impact on the ensemble skill, due mostly to better topography related precipitation forecasts.
HIGH
It is interesting to plot the variation of the areas as a function of the lead time. Figure 6 shows the plot of the low resolution scores (in dashed red) along with the high resolution scores (in solid black). As mentioned earlier, the improvement is apparent up to day 7, marginally so there after. After re-sampling our scores into shorter periods (10 days), we find the null hypothesis using student-t confidence level is rejected at 65% at day 1, 75% at day 4, 85% at day 7 but accepted beyond day 8. It is clear that both sets differ slightly at the beginning, due to the highly deterministic nature of short lead time. The higher resolution forecasts show an increase in skill up to day 7, afterward both sets move towards the climatological threshold.
There is a fair amount of seasonal variations in these ROC scores and it is also interesting to plot the annual variations with time. Figure 7 shows four consecutive winter scores for the 5mm threshold. The 4 consecutive years are; 1997-1998 in blue (8 members The winter verifications (Figures 6 and 7) show that forecasts have utility up to and even beyond day 7. These conclusions are similar for the 2 and 10 mm thresholds, the 25 mm threshold is not verified because of the sample being too small.
FUTURE WORK
The first priority is to make full use of the 16-member ensemble, extending the generation of our products in terms of probabilistic forecasts. Probabilities thus obtained will be used in the production of worded forecasts up to day 10. Verification methods will also include the Probability Distribution Function, as proposed by Wilson et al, 1999 . Second, at some point in the near future, the OI code will be replaced by an equivalent resolution ensemble Kalman filter. Since 1996, a great deal of effort has been concentrated on the development of an ensemble Kalman filter (see Mitchell and Houtekamer, 2000 , Houtekamer and Mitchell, 2001 and Mitchell et al, 2002 . It is currently possible to assimilate a full set of observations with one of the latest version of the GEM model. The ability of the Kalman filter to provide the analyses for the medium-range ensemble prediction system is being examined. Third, exchanges with NCEP have started in order to produce "grand ensemble" products. This collaboration is likely to be continued. Pellerin, Gerard, Lefaivre, L. Houtekamer, P., and Girard, C., 200 
